This paper presents an extension of our previous effort on multiple attenuation in shallow water environment. While our previous workflow, termed Shallow Water Demultiple (SWD), is robust in suppressing water-layer related multiples (WLRMs) with shallow seafloor, it faces difficulties when the seafloor is too shallow and complex because of the near offset gap related to acquisition. The wavelet stretch resulted from near offset extrapolation causes spectral distortion in multiple model from SWD which leads to sub-optimized subtraction result in shallow part of the data. Our new method is a hybrid approach in which shallow WLRMs are handled by using the Green's function of the seafloor primary reflections, while the rest of the multiples are handled by SWD. The Green's function in this case is derived from auto-picking the traveltime of the multichannel prediction operator estimated from SWD. We show the application of the method for attenuating shallow water multiples on field data examples from offshore Australia.
Introduction
Surface Related Multiple Elimination (SRME) method is known to have difficulties in shallow water environment (Alai, 2002) . The challenges are not only in the missing near-offset data, but also in the indistinctly recorded seafloor reflections as the reflections are in post-critical range. It has been shown that conventional methods such as predictive deconvolution in the x-t or -p domain often have difficulties handling this kind of multiples (Hung et al., 2010a) . More advanced approaches such as Estimation of Primary by Sparse Inversion (EPSI) have been demonstrated that the missing near offsets required by SRME can be reconstructed from the recorded multiples, but EPSI is based on a computationally intensive full waveform inversion approach (Groenestijn, 2009 ). Multichannel weighted cross-correlation and multichannel prediction error filtering method (Hargreaves, 2006) have also been shown that multiples can be transformed into primaries. Nevertheless, they require the best estimate for the primaries in the first place .
Previously, we have presented a fully data driven method, Shallow Water Demultiple (SWD), based on the concept of multichannel prediction for attenuating surface related multiples due to shallow water (Hung et al., 2010b) . While the method is robust, it has an issue with the first few order of multiples generated by the seafloor (and any events just below it). The reason being that when the seafloor is very shallow and hence its reflections are indistinct, the predicted model of WLRMs, which is obtained from the convolution of the multichannel prediction operator and the data, will have its spectrum dominated by low frequency in the shallow part. This mainly due to the near-offset extrapolation required for the convolution process. Moreover, when the seafloor is complex and it generates very different period peg-lag multiples, one need to use a large enough time window to estimate the multichannel prediction operator.
Recently, deriving from model based methods (Pica et al., 2005) some solutions have been proposed for handling reverberations due to shallow water. For instance, Wang et al. (2011) designed a model based method that predicts the multiples due to shallow seafloor. It can overcome the above-mentioned issue faced by SWD by requiring accurate seafloor reflection information. When the seafloor is very shallow, however, this information, as elaborated above, may not be readily available.
In this paper, we present a hybrid approach in combining the strengths of SWD and model-based methods. We show that the multichannel prediction operator estimated in SWD can be used as an accurate kinematic representation of seafloor reflection with high signal-to-noise (S/N) ratio. With this operator, the traveltime of the seafloor event can then be automatically estimated. Making use of this traveltime information, the Green's functions of the waterlayer primary reflections can be modeled for tackling the shallow peg-lag multiples that have difficulty handled by SWD. We show the application of our hybrid method for suppressing shallow water multiples on field data acquired from offshore Australia.
Theory and Method
The DELPHI feedback model forms the basis of SRME. In practice, it is usually divided into two steps -multiple model prediction and adaptive subtraction. The prediction step is formulated as:
where is multiple model, ∆ is primary response, is the acquired data, and is source wavelet. Since the primary response on the right hand side is unknown, the prediction is usually implemented by iteration, with each iteration handles a single order of multiples. Shallow water data usually contain many high order multiples. Thus, to model all of them, the number of iteration required may not be practical.
Formulating the solution in another way, Biersteker (2001) describes the modeling problem as a multichannel prediction problem:
where is the multichannel prediction operator, which can be obtained by minimize the prediction error between seismic data and multiple . Comparing with the SRME formulation in Equation (1), the operator F actually represents the primary response of a certain event(s) without the source effect.
Since the estimation of the multichannel prediction operator is equivalent to reconstructing a scaled version of the primaries (Hargreaves, 2006) , we can make use of this property of the operator for performing model-based demultiple for shallow water. The idea is similar to the one suggested by Wang et al. (2011) 
where and are source and receiver location, respectively; is the auto-picked water bottom event of the operator at location , and  is frequency. With this approach of using the Green's function, the resulting multiple model in shallow part of the data does not suffer from spectral distortion because the indistinctly recorded seafloor event is now modeled in an automatic sense by the corresponding Green's function. Yet, the fact that the operator F can contain more than one event means that SWD can model multiples with more than single periodicity.
To summarize, our hybrid method of combining SWD and the Green's function derived from it involves the following steps: 1) Estimate the multichannel prediction operator using the WLRMs in the data; 2) Stack the operator to improve its signal noise ratio; 3) Use modified energy ratio (MER) (Wong, 2009) method to automatically pick the traveltime of the seafloor reflections
where is the instantaneous amplitude seismic data, and n is energy window. The peak of MER will give the seafloor primary reflection time from the stack of multichannel prediction operator; 4) Utilize the traveltime information to model the Green's function of the seafloor reflections; 5) Convolve the prediction operator and the Green's function with the data to obtain the final multiple model. Hence, this hybrid approach allows for enhanced shallow water demultiple without the need of picking the seafloor reflection event.
Synthetic and field data examples
We first demonstrate with a simple synthetic data that multichannel prediction operator estimated from WLRMs is an accurate kinematic representation of seafloor reflection. Figure 1a and 1b show a shot gather and a zero offset section of our synthetic data, respectively. There are only two primary reflectors, P 1 and P 2 , in this example and all the other events are multiples. The seafloor event is used as a reference to check if the operator F estimated from the WLRMs within the design window (blue dashed line) can reconstruct the seafloor event correctly in kinematical sense. Figure 1c and 1d display the operator F in the shot and zero offset domains, respectively. Comparing with the actual seafloor reflections, the operator F has exactly the same traveltime as that of the seafloor event. (a) (b)
The first field data example is a line acquired offshore Australia. Figure 2a depicts a stack section of the line. The presence of reef gives rise to strong short-period freesurface multiples in the data. The seafloor is around 30m deep in the middle of this line and the acquisition nearest offset is 180m. This makes the seafloor reflections in the post-critical range even for the nearest offset. Consequently, even the auto-correlation plot (see Figure  2b) , a commonly used method for estimating the periodicity of the multiples, fails to reveal the traveltime of the seafloor reflections in this case. Hence, it is difficult, if not impossible; to identify the seafloor event for the formulation of its associated Green's function.
Following the steps described above, the operator F was estimated from the WLRMs (see Figure 3 ). As can be observed, it is now much easier to pick the water bottom event because it is much better defined with enhanced S/N ratio. The yellow dash line in the figure indicates the autopicking result using the MER method. With this traveltime information, the Green's function of the seafloor reflections can then be modeled. The resulting Green's function and the operator F were then convolved with the data for modeling the multiples in the shallow and deeper areas, respectively. Figure 4 (a) displays the multiple model obtained by this hybrid approach. Comparing with the model in Figure 4 (b) which was predicted using SWD approach, it can be seen that the hybrid method has much less spectral distortion in the model. It is evident that the method overcomes the issue faced by SWD when the seafloor reflections are not probably recorded.
The adaptive subtraction results using the two models are depicted in Figure 5 . It is obvious that the hybrid approach has a better performance in suppressing the multiples; particularly around the area near the shallow reef and the steeping flanks of the seafloor.
The second field data example comes from another part of offshore Australia. Figure 6a shows two common channel sections of the input data. Figure 6b and 6c depict the multiple models obtained by our hybrid approach and SWD method, respectively. The corresponding adaptive subtraction results are displayed in Figure 6d and 6e. Again, more WLRMs were attenuated using the hybrid method because the multiple model is much better defined.
Conclusions
We have demonstrated that multichannel prediction operator estimated from water layer related multiples provides a good solution in modeling seafloor reflections when they are not distinctly recorded in seismic data. The operator is an accurate kinematic representation of seafloor reflection and can be used for modeling the corresponding Green's function. Combining this Green's function with the multichannel prediction operator for predicting the multiple model, we have shown that this hybrid approach gives superior performance in suppressing water layer related multiples for shallow water data in comparison with the work that we previously reported. 
